
Perspectives in dA at RHIC
10/24/07

1

Kirill Tuchin (ISU & RBRC)

The main question: Have we indeed discovered a new 
physics at low x? 

If yes: • what are its unique features?
• in what kinematic region does it hold?  
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Hadron spectra and multiplicities

Heavy quark spectra and multiplicities  

J/ψ 

Correlations 

Prompt photons and di-leptons 

Energy dependence - LHC

Identified hadrons

Diffraction 

Key measurements



Inclusive hadrons

What is the hadron production mechanism?

vs

gluon saturation

Interplay of nuclear 
shadowing and QCD 

evolution

factorized pQCD

Shadowing and 
evolution are separated
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Gluon Saturation = CGC = Qs(x,A)
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CGC vs pQCD: important parameters

1. How small is x? x determines “the coherence length” lc=1/xMN   
If lc>>RA , color fields of nucleons add up to create a strong 
nuclear field. Otherwise - only fields of an individual nucleons 
matter. 

2. How big is A? α2A1/3 ~ 1 is a condition for a strong field. 

7

3. How big is pT? pQCD works if pT >> 1GeV 

✴ If x is even smaller x~e-1/α gluons start to saturate the high 
pT modes

✴ If pT is even larger pT ~ Λe1/α hard pQCD is at work (DGLAP)
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CGC vs Shadowing models

CGC approach: provides a theory of a new physics at x<<1. 
Not absolutely clear how to match onto pQCD at high pT 

and/or x~1   

Shadowing models: there is no new physics at x<<1, but only 
a few disconnected effects in conventional pQCD. Has 
trouble when confronted with the data.



Hadron multiplicities in dAu at RHIC

BRAHMS PHOBOS
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Hadron production

We need high pT measurements to see 
the transition to pQCD.
Open charm at forward rapidities - ???

Preliminary Presented by R. Averbeck at 
2006 RHIC & AGC Users’ 

Meeting
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Expectations at LHC

Transition to completely coherent scattering happens at RHIC!! 
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Azimuthal correlations

Azimuthal correlations due to CGC are different from 
pQCD: they are depleted since the classical fields 
commute. Prediction: suppression of back-to-back 
correlation at low x.
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Azimuthal correlations

at forward rapidity: backward-forward correlations:



by STAR

Back-to-back correlations
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from HIJING

Back-to-back correlations
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Azimuthal correlations in AuAu, dAu and pp 

STAR 
Preliminary

dAu (“some flow”)

pp
(nonflow)

AuAu (flow + non-flow)

At high pt in
central
collisions,
azimuthal
correlation in
AuAu could
be dominated
by nonflow.

v2·Mult.

by Tang 
(STAR)

There is a significant “flow” component in dA and pp at large pT  



Azimuthal asymmetry: summary 

It is very interesting and informative, but 
hard to calculate. It won’t be a decisive 
argument for or against any model/theory. 
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Prompt photons and dileptons
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p

A

Advantages of di-leptons:

no need to know the fragmentation functions;

do not strongly interact. 



Di-lepton production

RdA(M) integrated over transverse 
momenta of lepton pair (Jalilian-Marian)

RdA(A) at kT=5 GeV, M=2 and y=3 
(Baier, Mueller, Schiff)

Low rates ...



Observables sensitive to power 
corrections / higher twists

Diffractive production: definitely sensitive to higher 
twists. It is the most important signature of CGC in ep 
DIS.
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J/ψ and identified hadrons: probably sensitive.

Why higher twists? 

pQCD: (Λ/Q)2n

CGC: (Qs/Q)2n
Different dependence on A and x!



Diffraction
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p

A

X

A

Gap

Requires at least two gluon 
exchange - higher twist 

Unitarity: elastic + single 
diffraction ➙ 50% of all 

events at very high energies



J/ψ production: experiment (PHENIX)

Presented by R. Granier de Cassagnac at QM200622



J/ψ production: theory

pQCD calculations by Vogt using shadowing models.

Nuclear coherence by Kopeliovich et al.

CGC  
d/p A has a tremendous potential 
to shed light on J/ψ production! 

J/ψ production mechanism is essentially 
different from the open charm!
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ψJ/

ψJ/

ψJ/

J/ψ production

PP pd

pA
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Baryon/Meson ratio

In pQCD B/M ratio is energy and 
A-independent.

Data: B/M is not constant: a 
possible signature of higher twists.
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Fig. 4. Ratio of π−/π+, p̄/p, p/π+, p̄/π− at midrapidity (|y| < 0.5) as a function of
pT in p+p minimum bias collisions. For comparison the results from lower energies
at ISR [26] and FNAL [27] are also shown for p/π+ and p̄/π− ratios. The dotted
curves are the results from PYTHIA. The shaded bands below the π−/π+ and p̄/p
ratios are the point–to–point correlated errors in the yields associated with the ratio.

The RdAu for p+ p̄ is again greater than unity for pT > 1.0 GeV/c and is larger
than RdAu for charged pions. The RdAu of pions for 2< pT < 5 GeV/c is 1.24
± 0.13 and that for p+p̄ is 1.49 ± 0.17 in minimum bias collisions. Identified
hadron RdAu are sensitive to nuclear modification of the PDF from processes
such as nuclear shadowing and parton saturation as well as to transverse
momentum broadening, energy loss in cold nuclear matter and hadronization
through recombination, thereby further constraining the models [23].

4 Particle ratios

The particle ratios at midrapidity as a function of pT for p+p and d+Au
minimum bias collisions are shown in Figs. 4 and 5 respectively. Correlated
errors are shown as the shaded bands below the data points. The π−/π+-ratio
has a value ∼ 1 and is independent of pT in both p+p and d+Au collisions.
The p̄/p-ratio for p+p collisions is also independent of pT within the range
studied and has a value of 0.81 ± 0.1 at 2.5 < pT < 6.5 GeV/c. However, in
d+Au collisions we observe a clear decrease of p̄/p for pT >6 GeV/c. In quark
fragmentation, the leading hadron is more likely to be a particle rather than
an anti-particle, and there is no such preference from a gluon jet. A decrease
in the antiparticle/particle ratio with pT would then indicate a significant
quark jet contribution to the baryon production. It is, however, not clear
whether the same effect exists in p+p collisions or whether the decrease of
p̄/p is due to additional nuclear effects in d+Au collisions. Calculations from
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FIG. 1: p/π (left) and p/π ratios for central(0-10%), mid-
central(20-30%) and peripheral (60-92%) Au+Au collisions
at

√
sNN = 200 GeV. Open (filled) points are for π± (π0),

respectively. Data from
√

s = 53 GeV p+p collisions [7]
are shown with stars. The dashed and dotted lines are
(p + p)/(π+ + π−) ratio in gluon and in quark jets [8].

p⊥ which increases from peripheral to central collisions,
level off. In central collisions the ratios are a factor of
∼ 3 larger than in peripheral events. At p⊥ > 2 GeV/c
the peripheral Au+Au data agree well with the ratios ob-
served in p+p collisions at lower energies [7] (shown with
stars). The (p + p)/(π+ + π−) ratio in gluon and quark
jets produced in e+e− collisions [8] is shown with dashed
(dotted) line. Above 3 GeV/c the p/π, p/π ratios from
peripheral collisions are also consistent with gluon and
quark jet fragmentation, which should be independent
of the collision system. Deviations from jet fragmenta-
tion below 3 GeV/c indicate the absence of soft hadron
production in the e+e− data.

Hydrodynamic models have had success reproducing
(p)p [6, 14] and π data [6] from

√
sNN = 130GeV Au+Au

collisions [15, 16] and preliminary 200GeV data [17]. The
calculations show good agreement with the central p, p
and π± spectra up to p⊥ # 3 and 2 GeV/c, respectively.
In peripheral collisions the calculations deviate from the
data above p⊥ # 1 GeV/c. Within these models the large
p/π ratio is a natural consequence of the strong radial
flow [18]. All particle spectra converge to the same slope
if p⊥ is sufficiently larger than the particle mass p⊥ $
m0. The p/π ratio is Rp/π # 2 exp(−µb/Tch), governed
only by the baryon chemical potential µb and the chem-
ical freeze-out temperature Tch. Using Tch = 177MeV
and µb = 29MeV [19] Rp/π reaches a limiting value of

1.7. Within 10%, the same limiting behavior is expected
for all centralities, since the thermal parameters vary only
weakly with centrality [20]. The data are not only below
the asymptotic value but also show a more pronounced
centrality dependence than can be accommodated by hy-
drodynamics models. This suggests that other mecha-
nisms begin to play a role before the asymptotic value is
reached. At intermediate p⊥ (2 < p⊥ < 4 GeV/c), hard
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FIG. 2: p and p invariant yields scaled by Ncoll . Error bars
are statistical. Systematic errors on Ncoll range from ∼ 10%
for central to ∼ 28% for 60-92% centrality. Multiplicity de-
pendent normalization errors are ∼ 3%.

scattering is one possible mechanism that competes with
“soft” processes as described by hydrodynamics.

Figure 2 shows the p and p spectra for different cen-
tralities (0–10%, 20–30%, 40–50%, 60–92%) scaled by the
corresponding value of Ncoll [11]. Error bars are statis-
tical only. Multiplicity dependent systematic errors are
of the order 3%. Errors on Ncoll range from ∼ 10% for
central to ∼ 28% for the peripheral event class. Below
p⊥ # 1.5GeV/c the p and p yields scale slower than Ncoll

as expected for soft processes, and the effect of the radial
flow on the shape of the spectra is clearly visible. The
inverse slopes gradually increase from the most periph-
eral to the most central event class. Beyond p⊥ # 1.5
GeV/c all spectra converge to the same slope and seem
to obey Ncoll scaling as expected for production due to
hard processes in the absence of nuclear effects.

Figure 3 compares the Ncoll scaled central to periph-
eral yield ratios,

RCP =
yield0−10%/N0−10%

coll

yield60−92%/N60−92%
coll

, (1)

for (p + p)/2 and π0. In the p⊥ range from 1.5 to 4.5
GeV/c, p and p are not suppressed in contrast to π0

which are reduced by a factor of 2-3. Moreover, this be-
havior holds for all centrality selections (Fig. 2), while
the suppression in the π0 yields increases from periph-
eral to central collisions [11]. The apparent scaling with
Npart for p⊥ # 4GeV/c, of inclusive charged hadrons [21]
which has been interpreted in terms of saturation sce-
nario [22] appears to be somewhat coincidental, since we
observe a strong species dependence not expected in the
model. However, the interpretation in terms of soft and
hard processes is also not straightforward. If both π and
p, p originate from the fragmentation of hard-scattered
partons that lose energy in the medium, the nuclear mod-
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FIG. 4: The p/π+ and p̄/π− ratios from d+Au [21, 22] and
Au+Au collisions at

√
sNN = 200 GeV. The (p+p̄)/(π++π−)

ratio from light quark jets in e+ + e− collisions at
√

s = 91.2
GeV are shown as a dot-dashed line [29]. The shaded boxes
represent the systematic uncertainties in top 12% central
Au+Au collisions. The systematic uncertainties for 60-80%
Au+Au collisions are similar. The dotted and dashed lines
are model calculations in central Au+Au collisions [12, 13].

3 GeV/c with values close to unity, decrease with in-
creasing pT , and approach the ratios in d+Au, p+p and
peripheral Au+Au collisions at pT

>∼ 5 GeV/c. The dot-
ted and dashed lines are predictions for central Au+Au
collisions from recombination [12] and coalescence with
jet quenching and KKP fragmentation functions [13, 28]
respectively. These models can qualitatively describe the
p(p̄)/π ratio at intermediate pT but in general under-
predict the results at high pT .

At high pT , the p/π+ ratios can be directly compared
to results from quark jet fragmentation as measured in
e+ + e− collisions by DELPHI [29], indicated by the dot-
dashed line in Fig. 4 (a). The p/π+ ratio measurements
in d+Au and Au+Au collisions are higher than in quark
jet fragmentation. This is likely due to a significant con-
tribution from gluon jets to the proton production, which
have a (p+p̄)/(π++π−) ratio up to two times larger than
quark jets [30]. A similar comparison cannot be made for
p̄ production (Fig. 4 (b)), because there is a significant
imbalance between quark (q) and anti-quark (q̄) produc-
tion at high pT in d+Au and Au+Au collisions and the
fragmentation function of q to p̄ can not be readily de-
rived from e+ + e− collisions. It is, however, known from
lower beam energies, where quark fragmentation is dom-
inant, that the p̄/π and p̄/p ratios from quark jets are
very small (< 0.1) [22, 31]. The large p̄/π− ratio of ≈ 0.2
seen in Fig. 4 (b) is likely dominated by gluon fragmen-
tation. This is in agreement with AKK fragmentation
functions [15] which describe the STAR data in p+p col-
lisions [22], showing that gluon fragmentation contributes
to 40% of pion production at pT # 10 GeV/c while more
than 80% of p + p̄ are from gluon fragmentation.

At high pT , the nuclear modification factor of protons

is similar to that of pions (Fig. 2) and the p/π+, p̄/π−,
and p̄/p ratios in central Au+Au collisions are similar to
those in p+p and d+Au collisions [22]. These observa-
tions indicate that at sufficiently high pT , fragmentation
in central Au+Au and p+p events is similar and that
there is no evidence of different energy loss for quarks
and gluons in the medium. The theoretical calculations
in Fig. 3 show that differences in radiative energy loss
are expected to result in measurable changes in the p̄/p
and p̄/π− ratios. Those calculations, however, do not
reproduce the measured p and p̄ spectra in p+p colli-
sions [22], indicating that the fragmentation functions for
baryon production are not well known. The determina-
tion of baryon fragmentation functions from elementary
collisions and the expected range of validity of factoriza-
tion for baryon production are areas of ongoing investi-
gation [15, 22]. In addition, there is some uncertainty
in the mechanism of energy loss. It has been postulated
that the addition of collisional energy loss to radiative
energy loss may explain the large suppression of leptons
from heavy flavor decays in Au+Au collisions [32, 33].
The latest calculations [34, 35] including collisional en-
ergy loss and path length fluctuations [36] show that the
nuclear modification factor of gluons is still expected to
be a factor of three lower than that of light quarks.

We have reported the transverse momentum spectra of
pions and protons at mid-rapidity from 200 GeV Au+Au
collisions up to 12 GeV/c. Protons and anti-protons
are less suppressed than pions at intermediate pT . At
pT

>∼ 6 GeV/c, both mesons and baryons are strongly
suppressed. However, the relative particle abundances
show no system dependence among p+p, d+Au and
Au+Au collisions. These results indicate that the par-
tonic sources of π±, p and p̄ have similar energy loss when
traversing the nuclear medium. Particle identification at
high pT provides crucial information and new challenges
to the understanding of energy loss and modified parton
fragmentation in strongly interacting matter.
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Summary
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Hadron spectra: need as high pT as possible, forward η. 

J/ψ: p(d)A has a potential to shed light on its 
mysterious production mechanism. 

Correlations: at high pT will be more conclusive.  

Prompt photons and di-leptons: the cleanest probe of 
the initial state. 

Identified hadrons: fragmentation bears signatures of 
power corrections. 

Diffraction: a strong model killer.  


